1. The role of enhanced aerobic glycolysis in the transformation of rat thymocytes by concanavalin A has been investigated. Concanavalin A addition doubled [U-_4C] glucose uptake by rat thymocytes over 3 h and caused an equivalent increased incorporation into protein, lipids and RNA. A disproportionately large percentage of the extra glucose taken up was converted into lactate, but concanavalin A also caused a specific increase in pyruvate oxidation, leading to an increase in the perceritage contribution of glucose to the respiratory fuel. 2. Acetoacetate metabolism, which was not affected by concanavalin A, strongly suppressed pyruvate oxidation in the presence of [U-_4C]glucose, but did not prevent the concanavalin A-induced stimulation of this process. Glucose uptake was not affected by acetoacetate in the presence or absence of concanavalin A, but in each case acetoacetate increased the percentage of glucose uptake accounted for by lactate production. 3.
[3H]Thymidine incorporation into DNA in concanavalin A-treated thymocyte cultures was sensitive to the glucose concentration in the medium in a biphasic manner. Very low concentrations of glucose (25AM) stimulated DNA synthesis half-maximally, but maximum [3H]thymidine incorporation was observed only when the glucose concentration was raised to ImM. L-actate addition did not alter the sensitivity of [3H]-thymidine uptake to glucose, but inosine blocked the effect of added glucose and strongly inhibited DNA synthesis. 4. It is suggested that the major function of enhanced aerobic glycolysis in transforming lymphocytes is to maintain higher steady-state amounts of glycolytic intermediates to act as precursors for macromolecule synthesis.
Since the original observation that aerobic glycolysis is enhanced in malignantly transformed cells (Warburg, 1956) , there has been considerable interest in the role of glycolysis in the control of cell proliferation. One of the earliest events in virus-induced transformation of mammalian cells is an increase in glycolysis (Hatanaka, 1974; Plagemann & Richey, 1974) that is due to a stimulation of plasma-membrane glucose transport (Weber, 1973; Venuta & Rubin, 1973; Bissell, 1976) . Wang et al. (1976) have suggested that enhanced aerobic glycolysis is not unique to malignantly transformed cells, but is, instead, a requirement for normal cell proliferation. Proof of this proposal is seen in the case of mitogenically transformed lymphocytes, which produce lactate at an accelerated rate without any diminution of 02 consumption (Cooper et al., 1963; Roos & Loos, 1973; Culvenor & Weidemann, 1976; Hedeskov, 1968) . In cultured mouse spleen (Wang et al., 1976 ) and rat thymus lymphocytes (Schweinberger, t To whom reprint requests should be sent. § Present address: John Curtin School of Medical Research, Canberra, A.C.T., Australia. Vol. 174 1976) the, rate of aerobic lactate production may increase more than 20-fold after 50h in the presence of the plant lectin concanavalin A. Concanavalin Astimulated glycolysis probably results from a stimulation of plasma-membrane glucose transport (Yasmeen et al., 1977; Whitesell et al., 1977) , which Yasmeen et al. (1977) have proposed is rate-limiting for thymocyte glycolysis. Unlike malignantlytransformed cells, concanavalin A-treated lymphocytes undergo a discrete proliferative response, after which lactate production returns to basal values (Wang et al., 1976) .
Mitogen-induced lymphocyte transformation may be a useful normal control system for distinguishing between those aspects of tumour growth associated with controlled cell proliferation and those associated with malignancy. In the present paper we report a quantitative assessment of the fate of carbon from [U-14C] (Suter & Weidemann, 1975) . Concanavalin A was initially prepared as described by Agrawal & Goldstein (1967) , but for the cellculture experiment (Fig. 1) 
Methods
Rat thymus lymphocytes were prepared as preiously described (Culvenor & Weidemann, 1976 Tables 1 and 3 , were carried out as described by Suter & Weidemann (1975) . Acetoacetate and 3-hydroxybutyrate were assayed as described by Williamson et al. (1962) . To Munro et al. (1964) , and DNA was extracted from the remaining pellet by the method of Burton (1956) . The protein pellet remaining after this extraction was drained, washed with HCl04 (3.0M) and dissolved in 98% (v/v) formic acid for liquid-scintillation counting. Lipids were extracted from 1.Oml of the original homogenate as described by Folch et al. (1957) . Busch (1953) . After application of the sample (4.5ml) the metabolites were eluted with 20ml of water (glucose), 15ml of 0.5 M-acetate (glutamate), 15ml of 1.5M-acetate (aspartate) and 35ml of 3.0M-acetate (lactate). Approx. 80 fractions (1.Oml each) were collected. The fractions constituting the four radioactive peaks were pooled, rotary-evaporated and suspended in 1.5ml of buffer. Each pooled fraction was assayed enzymically for glucose, lactate, aspartate (Pfleiderer, 1965) and glutamate (Bergmeyer & Bernt, 1965) . Glycogen radioactivity was determined by a modification of the diazyme method of Bartley & Dean (1968) . Cell cultures of rat thymus lymphocytes were carried out as described by Wekerle (1978) .
Results

Quantitative aspects of [U-'4C]glucose oxidation
In the absence of added substrate, rat thymus lymphocyte suspensions consumed 02 at a nonlinear rate during the first hour of incubation and produced large quantities of NH4+ (16.3 umol/3 h per Table 2 ). The percentage of glucose uptake accounted for by macromolecule synthesis (protein, RNA and lipids) was not significantly altered in the stimulated cells, and a doubling in the recovery of label in these fractions paralleled the doubling in the rate of glucose uptake (Table 2) . At this early stage of transformation, little specific stimulation of the incorporation of glucose carbon into DNA was observed.
Relatively little effect of concanavalin A on the flow of label into the glycogen pool was observed (Table 2 ). This result may be criticized on two grounds. Firstly, the cells were prepared in glucosefree media and may have been depleted of glycogen before incubation. Secondly, since net glycogen was estimated by difference (Bartley & Dean, 1968) , the method itself has inherent inaccuracies.
The addition of acetoacetate (Table 3) 
Discussion
The ability of thymocytes to transform when glucose is present in the medium at very low concentrations (Fig. 1) suggests that enhanced glucose metabolism as such is not essential for the initiation of DNA synthesis in response to concanavalin A. The Km of the glucose carrier for glucose (0.3mM; Yasmeen et al., 1977) is not altered by concanavalin A (Yasmeen et al., 1977) , and thus the rate of glucose uptake at the low glucose concentrations reported in Fig. 1 Table 2 demonstrate that concanavalin A stimulates the flow of glucose carbon into the RNA pool, and that this increase is proportional to the increase in the rate of glucose uptake. Bissell (1976) has suggested that the activity of the oxidative segment of the pentose phosphate pathway in virus-transformed cells is proportional to the rate of glucose transport. Hovi et al. (1976) and Chambers et al. (1974) have observed a stimulation of purine-base biosynthesis in mitogen-treated lymphocytes. Inhibitors of the synthesis de novo of purine bases inhibit lymphocyte proliferation, suggesting that the activity of the salvage pathway of purine synthesis is insufficient to support DNA synthesis. Hovi et al. (1975) have reported a transient increase in the concentration of phosphoribosyl pyrophosphate in phytohaemagglutinin-treated human peripheral blood lymphocytes, which reaches a peak after 30min and then slowly returns to basal values. The concentration of phosphoribosyl pyrophosphate may be an important factor in the regulation of purine biosynthesis (Green & Martin, 1974) . Additionally, increased intracellular concentrations of glucose 6-phosphate (Culvenor & Weidemann, 1976; Keig, 1973) may be necessary for maximal purine biosynthesis from glucose in mitogen-treated lymphocytes, and may be the direct cause of the increase in phosphoribosyl pyrophosphate observed by Hovi et al. (1975) . Since the maximum catalytic activity of phosphofructokinase in lymphoid tissue is much higher than that of the glucose carrier (Yasmeen et al., 1977) , an elevation of the steady state concentration of intracellular glucose 6-phosphate would require a very large stimulation of glucose transport and/or inhibition of phosphofructokinase. The actual change in glucose uptake in individual cells responding to concanavalin A is probably very much larger than the doubling observed in Table 1 . Reeves (1977), Whitesell et al. (1977) and Yasmeen et al. (1977) have observed that rat thymocyte suspensions consist of two populations of cells, distinguishable on the basis of their kinetics of glucose transport. The 'fast-transporting' cells have been identified as lymphoblasts (Reeves, 1977) , larger mature Tlymphocytes that can undergo cell division at a rapid rate (Whitfield et al., 1976) . Whitesell et al. (1977) (Reeves, 1977) . Kay (1976) has observed that DNA synthesis in mitogen-treated lymphocytes is glucose-dependent, with no synthesis occurring in the absence of added glucose. Our failure to observe complete suppression of DNA synthesis in the absence of glucose may have been due to the incomplete removal of glucose from the horse serum. Kay (1976) also observed a substantial reduction in phytohaemagglutinin-stimulated RNA and protein synthesis in the absence of added glucose. This observation may also reflect a direct requirement for glucose carbon, as evidenced by the concanavalin A-induced increase in the flow of glucose carbon into these pools (Table 2) .
Enhanced glucose metabolism in mitogen-treated lymphocytes is probably transient. Resch et al. (1976) have shown that lymphocytes escape the inhibitory effect of cytochalasin B, an inhibitor of thymocyte glucose transport, only a few hours after the addition of concanavalin A. We have demonstrated that the inhibitory effects of cytochalasin lymphocyte transformation can be explained solely in terms of its effects on glucose transport (Hume et al., 1978a (Hedeskov, 1968; Suter & Weidemann, 1975) and is probably insufficient to account for a specific increase in 14C02 production from [U-14C]glucose. We have confirmed (C. Bryant, unpublished work), by using specifically labelled glucose, that increased 14C02 production in response to concanavalin A (Table 1) is due to a specific increase in pyruvate oxidation (see Hume et al., 1978b) .
The effect of acetoacetate on thymocyte glycolysis (Table 3) differs markedly from that observed in brain and muscle, where ketone-body oxidation suppresses glycolysis (Newsholme et al., 1977) . Glycolytic inhibition by fatty acids or ketone bodies is believed to be the result of an inhibition of phosphofructokinase by elevated tissue concentrations of citrate. Although lymphoid-tissue phosphofructokinase is extremely sensitive to inhibition by citrate , acetoacetate oxidation causes only a 20% suppression of glycolysis (Table  3 ). This observation is consistent with glucose transport, rather than phosphofructokinase, being the rate-limiting step for thymocyte glycolysis (Yasmeen et al., 1977) . The inhibitory response of [3H]thymidine incorporation to inosine observed in Fig. 1 was surprising. Nordeen & Young (1977) have shown that inosine is adequately metabolized by thymocytes, and unlike adenosine, does not cause cyclic adenosine monophosphate accumulation. Since inosine breakdown yields ribose, we consider that inosine should, to some extent, replace glucose. Inosine does not affect glucose transport in the presence or absence of concanavalin A (D. A. Hume, unpublished work), and hence probably acts by inhibiting one of the enzymes of purine biosynthesis (Snyder et al., 1976) .
The results presented here indicate that enhanced aerobic glycolysis is a normal function of mitogenically-transformed cells, and is not associated specifically with malignancy. Lactate production per se is not a significant function of stimulated glycolysis, since the addition of lactate does not alter the requirement for glucose in transformation (Fig. 1) . The principal function of enhanced aerobic glycolysis may be to raise the concentrations of glycolytic intermediates (Culvenor & Weidemann, 1976) and thus stimulate the pathways of macromolecule synthesis, or permit their stimulation by other signals. Secondary control of the glycolytic pathway at the level of phosphofructokinase may regulate the amounts of glucose 6-phosphate available for nucleic acid synthesis, whilst control at the level of pyruvate kinase (Culvenor & Weidemann, 1976 ) may regulate triose phosphate concentrations for triacylglycerol synthesis. Our results have shown that the increase in the flow of glucose carbon into all the macromolecule pools in response to concanavalin A is proportional to the increase in the rate of glucose uptake.
Thus glucose transport may be significant in the regulation of macromolecule synthcsis. If, as proposed, glucose metabolism is transiently increased in mitogenically transformed lymphocytes, feedback control mechanisms may exist for switching-off the glucose carrier, and the absence of these mechanisms may represent a potential defect in malignantly transformed cells.
